Abstract. In this paper, the MOS differential pair driven simultaneously from gates and bulk terminals is described. An approximated analytical solution of the voltage to current transfer function has been found for the proposed circuit. Four possible combinations of gate and bulk connections of the input signal are presented. Basing on the configuration giving the best linearity, the operational transconductance amplifier (OTA) has been designed and compared, by computer simulations, to the amplifier utilizing the gate driven classic MOS pair. 3 rd order filters using the OTAs with linearized and simple MOS pair have been designed and the resulting parameters have been compared. Linearization through the presented simultaneous use of gate and bulk terminals seems to be useful for low voltage applications.
Introduction
Linear CMOS operational transconductance amplifiers (OTAs) are useful building blocks in the design of analog signal processing systems. The transconductance-capacitor (OTA-C) approach is often used for continuous-time filter design [1] [2] [3] [4] [5] [6] . For high frequency applications, numerous circuit techniques to design OTA-C filters have been developed, using the gate-driven differential pair transconductors as input stages of the OTAs [7] [8] [9] [10] [11] [12] [13] . On the contrary, the transconductors with bulk-driven differential pair have been proposed for low frequency OTA-C filter applications [14] [15] [16] [17] [18] [19] [20] [21] .
This paper presents the differential MOS pair, simultaneously driven from gate and bulk terminals. The use of both terminals gives a possibility to change the V-I converter's transconductance in the range of about 60%. Connecting the signal to the bulk terminal requires that the polarization of the bulk-source junction would not enter the conducting state. To fulfill this requirement, input signal buffers in source follower configuration can be used.
The layout of the paper is as follows: in Sec. 2, the authors present the differential MOS transistor pair simultaneously driven from the bulk and the gate terminals, Sec. 3 describes the proposed differential pair together with the source followers and four possible connection combinations. The details about the realization of the OTA amplifier with the linearization achieved by the proper voltage bulk control of MOS pair are given in Sec. 4 . An example of 3 rd order elliptic filter and the conclusions are presented in Secs. 5 and 6, respectively.
Gate and bulk driven MOS pair
There are many papers describing gate driven [7] [8] [9] [10] [11] [12] [13] and bulk driven MOS pairs [14] [15] [16] [17] [18] [19] [20] [21] . A simple gate driven MOS pair unfortunately has poor linearity of voltage to current conversion, therefore the other voltage to current converters are often used when the linearity is important [7] . On the other hand, the same pair driven from bulk terminals has a much wider linear region of operation, but its transconductance parameter is few times lower [13] . Figure 1 presents the circuit with the MOS pair driven simultaneously from gate and bulk terminals. Differential input voltage v ID is delivered to the gate terminals in such a way, that its common mode value is equal to V CMG and the differential part of v ID is delivered with the gain a. Unfortunately, due to the bulk-source junction, the common mode voltage level of the bulk terminals cannot be the same as for the gates. For the NMOS pair, the common mode level of the bulk terminals should be lower than for the gates. In this paper, the common mode level for the bulk terminals is designated as V CMB . Additionally, it is assumed, that the signal which arrives to the bulk is attenuated and the resulting differential voltage is equal to bv ID . The coefficients a and b for the differential voltages reaching the inputs of NMOS pair are introduced for further investigations of different configurations in connection to a common mode level shifter. Using the standard square-law model for two identical NMOS devices M1 and M2, their drain currents can be described as:
where
W and L are the width and the length of MOS devices, respectively, µ n is the mobility of carriers, C OX is the oxide capacitance by unit area, V T 0 is the threshold for V BS =0, PHI is the surface potential (about 0.6V), V SB is the source-bulk potential and γ n is the bulk effect parameter. Taking into the account the bulk voltages, which alter the threshold voltages of MOS devices, the drain currents i D1 and i D2 can be rewritten as:
and
After the square root of both sides of (3) and (4) and the subtraction of the resulting equation, one can obtain the following equation:
Unfortunately, Eq. (5) cannot be solved against i d , as it can be done for the standard gate driven pair. However, it is possible to make an estimation using the Taylor expansion of the square root term. The part of the right side term of Eq. (5) can be approximated as:
where: V S0 is the constant value of the voltage seen at V S for v ID = 0, this voltage can be obtained by the calculation of the operating point. Unfortunately, taking into the account the bulk effect, there is no analytical solution for V S0 , but neglecting the bulk effect only for the operating point calculations, the voltage V S0 can be approximated as:
As (6) is an odd function of v ID , all even terms of Taylor expansions are equal to 0. Taking only the first order coefficient, Eq. (5) can be approximated by:
Finally, the output current i d of gate and bulk driven differential pair can be approximated by (9):
Similarly, as for the gate driven pair, Eq. (9) is valid only for the limited range of the input voltage:
Defining the term in the first parenthesis of (9) as gain factor GF:
Equations (9) and (10) can be rewritten as:
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The GF term has the physical meaning of the transconductance gain in respect to the simple gate only driven MOS pair's transconductance. Additionally, in order to prevent from significant bulk currents, the bulk-source junction should be reversely biased and this condition can be more difficult to meet than (13).
Gate and bulk driven MOS pair with level shifter
Due to the bulk-source semiconductor junction, the simultaneously driven from gate and bulk terminals differential MOS pair from Fig. 1 must have different common mode input voltage levels V CMG and V CMB . The simplest way to obtain such a shift is to use the MOS device in a source follower (CD) configuration. Figure 2 (a) presents such a circuit. Using the standard square-law models for MOS device, the voltage shift between the input and the output can be estimated as: If the reverse shift is required, the PMOS device should be used instead of the NMOS one. The changes of the shift voltage can be made by the change of the bias current I B . If smaller shifts than the threshold voltage of MOS device are required, double NMOS and PMOS source followers can be used. For such a circuit, the voltage shift can be estimated using (15) .
For the twin source follower, both positive and negative voltage shifts can be generated. The source followers from Fig. 2 have its bulk terminals tied to the power supply lines V SS and V DD , accordingly. Due to this, a small signal gain A SH for circuit from Fig. 2(a) is much lower than ideal 1 and it can be expressed as:
where r o is the internal resistance of the bias current source
is the bulk small-signal transconductance and V SB1 is the constant bulk-source voltage in the operating point of the source follower. Assuming that r o is high comparing to 1/g m and using the equations for both small-signal transconductances, the final source follower gain A SH can be expressed as:
For the real source followers, the gain expressed by (17) is in the range 0.65-0.85, depending on the MOS devices' dimensions and the bias current used. Twin source follower has its gain more dumped and it can be estimated using:
As stated before, the MOS pair driven simultaneously from gate and bulk terminals has to use signal level shifters. To preserve the proper bulk terminal polarization of the NMOS pair, the gates' common level should be shifted up Bull. Pol. Ac.: Tech. 62(1) 2014 or the bulks' common level should be shifted down, in respect to the input common mode level. Additionally, the bulk terminals can be connected straight or crossed in respect to the gates, realizing the positive and the negative values of the bulk gain b, respectively. Summing all the combinations for one MOS pair with two source followers, four combinations of the resulting amplifier have been proposed, as shown in Table 1 . Plot of the transconductance g m , which is defined as the current's i d derivative in respect to the input voltage v ID , is plotted in Fig. 3 for all four configurations. According to Eq. (12), the output cur rent is scaled proportionally to GF and the nonlinear term under the square root is squared. In this way, when GF is smaller than one, the linearity of the circuit is improved. The shifter gain A SH is always smaller than 1, so the best linearity is obtained when the shifters-followers are connected to gates, while bulk terminals are crossed (fourth row in Table 1 ). Such a circuit configuration is presented in Fig. 4 .
The input voltage at which the amplifier saturation occurs can be calculated from (13) . Similarly, one can calculate the input voltage level v IDError at which the output current i d reaches the relative error equal to E from the expression (19) .
Solving (19) for v ID , denoted as the boundary condition v IDError , the following result has been obtained:
From (20) it is obvious, that for the higher linearity, a higher current I SS and a lower factor K is required. Unfortunately, such a change needs the higher values of the gate to source voltages for the MOS devices, what requires the increased power supply voltage. Alternatively, one can lower the GF factor and the increased linearity can be obtained without a need of the increased power supply voltages. 
followers to the bulks, bulks crossed
followers to the gates, bulks straight
followers to the gates, bulks crossed Table 1 Bulk linearized CMOS differential pair transconductor for continuous-time OTA-C filter design To confirm the assumptions and the analyses, the computer simulations were done. Figure 5 presents the comparison of the output current for the circuit of Fig. 4 calculated using Eqs. (12), (17) with numerical calculations of (5) and with SPICE simulations using BSIM AMS C5 models. As it can be observed, Eqs. (12), (17) give a reasonable accuracy comparing to SPICE simulations.
Design of the linearized Bulk-driven CMOS OTA
As an example, a fully differential operational transconductance amplifier has been designed and simulated, using AMS C35 CMOS technology. As it is n-well process, only the PMOS devices can be designed with bulk terminals not connected to the highest positive voltage. Due to this, PMOS pair is used in the input stage. All other PMOS and NMOS devices have their bulk terminals connected to V DD or V SS terminals, respectively. The schematic diagram of the OTA is presented in Fig. 6 . The transistors M1-M2 form the differential pair with the bulk terminals used for linearization, similarly as in Fig. 4 . The devices M3 and M4 are the source followers, with the current sources built with Mb6 and Mb7. The transistors Mb1-Mb4 are the current mirrors with the devices Mb1b-Mb4b, which form CMFB working in deep ohmic region. The current source I BIAS is copied to the input pair as well as to the source followers and the output stage. The devices M5-M8 form the output current mirror. Small capacitors C C1 and C C2 are used for frequency compensation. The OTA from Fig. 6 and the OTA utilizing only the PMOS pair (without source followers at the input and with bulk terminals tied to V DD ), were simulated and compared. The simulation results are summarized in Table 2 . It can be observed that the high linearization has been achieved, as compared to a simple MOS pair. Unfortunately, the noise in the linearized OTA is higher, resulting in the same levels of the dynamic range for both realizations of the amplifiers. The 3dB bandwidth of the linearized amplifier is about two times smaller than the reference one, based on MOS pair. While the transconductance is also two times smaller, the linearized amplifier is more suitable for lower frequencies and bandwidth degradation is not really important. Offset currents at the output of the amplifier for both amplifiers have similar values, but it is higher for the amplifier with lower transconductance, when referred to the input. Small capacitors C C1 and C C2 are used for frequency compensation.
The main advantage of the linearized amplifier, in respect to the single MOS pair, is the possibility to enhance the linearity without the need of increasing the power supply voltage, as it has been explained in Sec. 3, Eq. (20).
OTA-C filter design
As an example, a third-order elliptic filter has been designed and simulated using the OTA from Fig. 6 . The normalized passive prototype filter is given in Fig. 7 and its active implementation is shown in Fig. 8 . Figure 9 presents the obtained simulated amplitude frequency response. Table 3 includes simulated parameters of the filter. 
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Conclusions
This work presents the MOS transistor pair driven simultaneously from gate and bulk terminals, for which the approximated analytical solution of the V-I transfer function has been found and the configuration of the greatest linearity of the V-I converter has been proposed. For this configuration, fully differential OTA amplifier has been designed and its parameters have been compared with the amplifier using classic differential pair of MOS transistors. Finally, two elliptic 3rd order filters have been designed, using the proposed amplifier and the classic one. Both the amplifiers and the filters have similar signal to noise dynamic ranges, but the proposed linearized amplifier is capable of processing signals of greater values, at the cost of introducing more noise, comparing to the classic MOS pair based amplifier. The linearized MOS pair presented in this paper can be used at lower power supply voltage than the classic differential pair with similar large signal properties. This is particularly important due to the continuous trend of decreasing the power supply voltages in modern CMOS processes.
